ABSTRACT Measuring and modeling the attractiveness of semiochemical-baited traps is of significant importance to detection, delimitation, and control of invasive pests. Here, we describe the results of field mark-release-recapture experiments with Ceratitis capitata (Wiedemann) and Bactrocera dorsalis (Hendel) to estimate the relationship between distance from a trap baited with trimedlure and methyl eugenol, respectively, and probability of capture for a receptive male insect. Experiments were conducted using a grid of traps with a central release point at two sites on Hawaii Island, a Macadamia orchard on the East side of the island and a lava field on the West side. We found that for B. dorsalis and methyl eugenol there is a 65% probability of capture at $36 m from a single trap, regardless of habitat. For C. capitata, we found a 65% probability of capture at a distance of $14 m from a single trap in the orchard and 7 m in the lava field. We also present results on the spatial and temporal pattern of recaptures. The attraction data are analyzed via a hyperbolic secant-based capture probability model.
Networks of attractant-based insect traps are critical components of surveillance, control, and eradication programs for many pest species (Denning and Goff 1944 , Apple and Smith 1976 , Bakke 1985 , El-Sayed et al. 2006 . When researchers are able to rigorously quantify the attractiveness of a trap-lure combination, two important benefits can be realized: 1) the density and spatial organization of the network can be evaluated and optimized, and 2) the density of insects in the network area can be estimated. For these reasons, estimating trap attractiveness is a high research priority, particularly under natural conditions. The attraction and capture of an insect in a trap is a multistep process involving components such as the individual's physiological state, chemical concentration gradients and diffusion, a long-range response to the lure, and a short-range arrestment or feeding response, which can involve behavioral switches (Jang 1995 , Jang et al. 1999 . It is understood that there is an important role of distance from the trap on the likelihood of capturing the insect, which is often estimated in the field for the purposes of quantifying trap attractiveness.
There have been various attempts to conceptualize and quantify the process of an insect responding to a lure and becoming captured in a trap. These include ideas such as the active space, which is the average volume that contains semiochemical concentrations above the threshold required for an attraction response from the insect (Bossert and Wilson 1963 , Nakamura and Kawasaki 1977 , Elkington and Carde 1984 . A later pair of influential concepts are the attraction range and the sampling range of a trap; the first is the maximum distance at which an insect displays directed movements to an odor source, while the second is the maximum distance at which an individual responding insect will be captured by a trap for a given amount of time Perry 1987, Schlyter 1992) .
In parallel with these early advances, others sought to empirically characterize continuous mathematical functions relating distance from a trap to the probability of capture (Cunningham and Couey 1986 , Enkerlin 1997 , Barclay et al. 2005 , Branco et al. 2006 , Meats and Edgerton 2008 . The best empirical models of trap attractiveness such as the effective attraction radius and effective attraction radius circular (Byers et al. 1989 , Byers 2009 ) are useful because they can be easily parametrized via real-world experiments (i.e., they contain one or two parameters that can be estimated directly from field data) and because they allow direct comparison of different lures within and between species (Byers and Naranjo 2014) .
Field quantification of trap capture probability has been examined in some detail recently for tephritid fruit flies, species of major economic importance because of their high invasive potential and the high degree of polyphagy for many species (McPheron and Steck 1996) . Around the world, many trap networks are targeted for detection or control of tephritids, such as in California, Australia, Chile, Mexico, and Guatemala (Gonzalez and Troncoso 2007 , Gilbert et al. 2010 , Programa Moscamed 2013 , Dominiak and Ekman 2013 . Recent studies of trap network sensitivity have used the approach described by Lance and Gates (1994) , notably the studies by Shelly and colleagues (Shelly and Edu 2010; , Shelly and Nishimoto 2011 , where the proportion of recaptures at different distance bands in varying environments are weighted by the total area covered to obtain a capture probability for a wide area with a given number of traps. Manoukis et al. (2014) proposed a model of trap attraction using the hyperbolic secant as an empirical function to relate the distance from a trap to the probability of capture of a receptive insect. This model allows direct comparison of the attractiveness of traps across species and lures like others similar methods mentioned above. In addition, the "attractiveness" parameter, k, has a useful property: 1/k is a constant, $0.65, with real-world meaning: 1/k is the distance from a single trap at which the probability of capture of the targeted insect is 65%. This framework can be used in the same way as that described by Lance and Gates (1994) through integration to obtain estimates of the probability of capture for a trap network. As in the previous cases, this probability can serve the dual purpose of estimating population size and determining the trap network sensitivity (minimum population size for detection over time).
The goal of this study is to estimate from field data the attractiveness of two important lures attracting two significant tephritid pests under the model described by Manoukis et al. (2014) and to test for effects of habitat type on the attractiveness of each. We conducted field experiments with C. capitata Wiedemann ("Mediterranean fruit fly" or "medfly") and its attraction to trimedlure (tert-butyl-4(or 5)-chloro-2-methylcyclohexanecarboxylate) and with Bactrocera dorsalis Hendel ("oriental fruit fly") and its attraction to methyl eugenol (4-allyl-1,2-dimethoxybenzene). For the purposes of this study, we define the attractiveness of a given trap to an insect as the probability that the insect in question will be caught in the trap, given the distance between the insect and the trap.
Materials and Methods
Field Sites, Insects, and Trapping. Experiments were conducted in the Island Princess macadamia orchard in Keaau, East Hawaii Island (hereafter IP; 19 36.725 N, 155 05.084 W) and in the Pu'u'waawaa area of West Hawaii near Ohiki Bay (hereafter PWW; 19 52.376 N, 155 54.730 W) , between July 2013 and January 2014. These two sites represent extremely different ecological contexts, with contrasting temperature and rainfall patterns (Fig. 1) . The plant communities in the two locations also differ significantly. The IP site is shaded by tall macadamia trees (Macadamia spp.) and Norfolk Island pine (Araucaria heterophylla Franco), and at the edge of the site, there are host fruit orchards including papaya (Carica papaya L.) and guava (Psidium spp.). In PWW, the ground is covered with Pahoehoe lava with very little vegetation in evidence, though there were a small number of Kiawe shurbs (Prosopis pallida Kunth).The exposed lava surface was subject to higher levels of wind compared with IP.
C. capitata and B. dorsalis were obtained from the research colony at the Daniel K. Inouye-U.S. Pacific Basin Agricultural Research Center (DKI-PBARC) in Hilo Hawaii. The B. dorsalis colony was derived from wild flies collected in Puna, Hawaii Island, in 1984, while the C. capitata colony was originally derived from wild flies collected on Oahu Island about 1978. Both colonies have since been maintained in the laboratory on artificial diet in large (0.6 by 1.18 by 1.32 m [w by h by d]) mixed cages at a density of $50,000 per cage and were periodically refreshed with wild flies from Hawaii Island to maintain genetic diversity. Adult male flies were 12-14 d old at the time of release.
One week prior to the first release for a given combination of experimental parameters, Jackson traps baited with lure and containing sticky panels were set up in a regular grid at the study site ( Fig. 1 ). Lures used followed the guidelines used for detection networks in California (Gilbert et al. 2010 ): For C. capitata, 2 ml of trimedlure was applied to a wick, which in turn was hung from a basket-type holder within the Jackson trap. For B. dorsalis, 6 ml of methyl eugenol with 1% dimethyl 1,2-dibromo-2,2-dichloroethylphosphate ("dibrom") was soaked into a wick, which was then placed in the trap using a basket-type holder and a coarse screen to keep the flies from contacting the wick.
All trapping grids were 8 Â 8, with an intertrap distance s. In IP, for each species, we conducted three separate releases or "tests" (replicates) for each of two values of s: 75 and 150 m. In PWW, because of the difficulty of moving over the lava terrain and placing posts for hanging traps, we only used s ¼ 100 m and the number of tests was limited to two.
Mark, Release, and Recapture. Flies for release were marked using fluorescent powder (Day-Glo Color Co., Cleveland, OH) following standard methodology at the pupal stage (Steiner 1965) . A different color was used for each cohort being released for a set of replicates. A set of replicates per experimental treatment was defined as releases in the same habitat with the same value of s (grid size).
On the morning of the first release, fresh sticky panels were introduced to the 64 Jackson traps in the grid. Weather conditions were recorded using a Kestrel 4500 portable weather station with weather vane attachment (Nielsen-Kellerman, Boothwyn, PA) mounted on a tripod in the center of the grid logging environmental variables every 5 min. Around 0800 hours, $2,000 marked male flies were released at the center of the grid by opening three 25-cm cubical cages each containing $700 males. At the same time, the lure response bioassay was initiated at DKI-PBARC for experiments in IP and at the field site for those in PWW. Following completion of the bioassay, the release cages were closed and collected ($1100 hours) and the remaining males were counted.
Recapture consisted of removing the sticky card insert from each Jackson trap in the grid during the morning and replacing it with a fresh insert. Inserts were transported to DKI-PBARC in Hilo in brown paper sandwich bags and preserved at 0 C for later processing. Processing consisted of crushing the heads of all captured flies on filter paper, adding a drop of acetone, and checking for fluorescent powder under ultraviolet light. Because we used different colors for each replicate, we were able to determine which release each recaptured fruit fly had come from.
For each experimental week, replicate releases for a given fruit fly-habitat-grid size combination were conducted on Monday, Wednesday, and Friday. Recaptures (trap servicing) were conducted Tuesday through Saturday and again on the following Monday. On days when both a recapture and release were scheduled (Wednesday and Friday), we serviced the traps prior to release.
Lure Response Bioassay. The proportion of flies that were responsive to the lures being used was tested at the time of each release using a subsample of the flies released. We conducted the bioassays at DKI-PBARC for releases conducted at IP and at the release site for experiments at PWW.
For B. dorsalis, the bioassay was conducted using a Y-tube glass olfactometer (5.5 cm in diameter, 25 cm in arm length and base length). One arm of the tube contained odor from 5 ml of methyl eugenol on a wick and the other arm contained no lure. Air flow was 150 ml/ min of carbon-filtered air per arm using a compressed air tank. About 20 males were introduced to the bottom of the tube after a 5-min equilibration period, and the number of individuals in each arm was recorded every minute for 15 min. We found that the flies reached a final distribution after $10 min. This procedure was repeated with a fresh set of 20 males with the lure on the other arm. The number in each arm at 15 min was considered the result in each of the two trials, and these were averaged for the final result. From the number in each arm, we calculated the proportion activation (number in both arms/number introduced) and the proportion responders (number in lure arm/number in both arms); these are sometimes termed proportion responsive and proportion selective, respectively (Bertschy et al. 1997 ).
For C. capitata and trimedlure, Y-tube bioassays were ineffective because the insect arrests on encountering the odor (Hendrichs et al. 1989) , probably because of its association with lekking site localization (Shelly et al. 1993 ). This differs from the response to methyl eugenol, which is ingested because it acts as a pheromone precursor for B. dorsalis (Shelly and Nishida 2004) . Therefore, we used a carrousel olfactometer assay in a 1-m 3 enclosure. Two standard Jackson traps were placed in the rotating carousel at 2 rpm; one contained a 2-g trimedlure plug and the other was left empty as a control. Forty male C. capitata from the batch being released were introduced to the enclosure at release time and the final number in each Jackson trap was counted after $4 h. We treated the total number caught in both traps divided by the number introduced to the assay as analogous to the proportion activation in the Y-tube B. dorsalis bioassay, and the number in the lure-baited trap divided by the total in the traps as the proportion responders. Therefore, we were able to obtain comparable measures of activation and responsiveness for both species.
Data Analysis. The main goal of our analysis was to estimate the attractiveness of a Jackson trap baited with methyl eugenol and dibrom to B. dorsalis and a Jackson trap with trimedlure to C. capitata. In the context of this article, attractiveness means the relationship between distance from a trap and the probability that a responsive fly will be caught in the trap. We have based our estimates on a model of trap attractiveness that uses a function to relate distance from a trap to the probability of capture of a susceptible insect defined by a single "attractiveness" parameter, k (Manoukis et al. 2014) . We used the model described by Manoukis et al. (2014) : the positions and numbers of traps are known, and we assume a particular value of k, then calculate the instantaneous (over a short time period, to eliminate the effect of time; in this case, 3 d) the probability of capture at any random location in the study area (x,y), which we can denote as p (x,y) . We then take the average probability of capture for many pairs of (x,y) values and obtain an average instantaneous probability of capture, p. For our released flies, p is equal to the proportion of the susceptible flies that we recapture. Therefore, work backwards from the observed p (proportion susceptible flies recaptured) to k for a single trap, as based on the relationship between increasing k for a given trap grid and p (Fig. 2) .
The calculation for estimating k was as follows: for a given date (during which one of the two species was released in a grid of traps), we subtracted the number of male flies left in the cages from the number we had counted prior to the experiment. This gave us the number released. We multiplied this by the average proportion activated and the average proportion responders based on the bioassay results from the same day. This gave us the number of susceptible flies in the grid at the time of release. By dividing the number recaptured during the first 3 d after release by the number of susceptible flies, we obtained p for that release. From that value of p, we used the function relating it to 1/k for that particular grid configuration to obtain an estimate of 1/k.
Statistical analysis was conducted in using GraphPad Prism 6 (GraphPad Software 2014). Contour diagrams showing the spatial pattern of recaptures and wind roses were produced in Matlab 2010b with interpolation via Kriging (The Mathworks 2010).
Results

Spatial and Temporal Distribution of
Recaptures. For the first release of tests conducted at IP (which were subject to recaptures for 1 wk), a mean of 80% (SD ¼ 15%) of recaptures occurred on the first day after the release. By the third day, a mean of 97% (SD ¼ 2%) of total recaptures had occurred. Therefore, we considered recaptures during the 3 d following release to represent nearly the Spatially, B. dorsalis recaptures were slightly upwind from the release point at IP for both grid sizes, while at PWW, recaptures for this species tended to be observed downwind (Fig. 3) . For C. capitata a pattern of downwind recaptures is apparent in the 75-m grid, and somewhat crosswind for the 150-m grid; wind speeds were higher during the former tests compared with the latter. At PWW, very few C. capitata recaptures were recorded at all (Fig. 3) .
Finally, weather conditions in the two sites were quite different. The average daytime wind speed, average temperature, and relative humidity at IP were 1.25 m/s, 22.2 C, and 89% during experiments, while for PWW the values were 4.00 m/s, 25.2 C, and 72% Proportion of Potential Recaptures and Trap Attractiveness. Table 1 shows the number of flies released, number recaptured up to 3 d postrelease, proportion responders (which is proportion activation x proportion responding), and the experimentally observed p together with the implied 1/k from the p for each experimental date. The average and SD of attractiveness for each set of experimental conditions are given graphically in Fig. 4 . By comparing these results with the expectations shown in Fig. 2 , we see a relatively good agreement. For example, the estimated 1/k in the 75-m grid for B. dorsalis at IP averaged $40 m. This would lead us to expect p to be $0.95 in the 75-m grid. We find an average value for the 75-m grid at IP for B. dorsalis to be $0.9 (Table 1) , close to the expected value. Similar consistency is seen for PWW with B. dorsalis. For C. capitata, we see consistent estimates of 1/k $14 m at IP, but a much lower value estimated at PWW (average ¼ 6.95 m). Welch Experiments were conducted at Island Princess (IP) in East Hawaii and at Pu'u'waawaa (PWW) in West Hawaii with male C. capitata (MED) and B. dorsalis (OFF). In the "Test" column, the number refers to intertrap distance in meters. Responders is the proportion responsive multiplied by the proportion selective (see Materials and Methods).
p, proportion of lure-responsive males recaptured over the first 3 d postrelease; 1/k, estimated distance at which capture probability is 0.65. Fig. 4 . Average attractiveness estimates. Bars indicate mean and SD 1/k for a given set of environmental conditions, grid size, and species; abbreviations as in Fig. 3 . Bars marked by a different letter are statistically different at the 5% level by an unpaired t-test.
two-sample unpaired t-tests were used to compare attractiveness between different habitats and species (Fig. 4 ). Significant differences with least separation were found between B. dorsalis at IP with s ¼ 75 m and C. capitata at IP with s ¼ 150 m (t ¼ 5.219; df ¼ 4; P ¼ 0.006) and between C. capitata at IP with s ¼ 75 m and C. capitata at PWW with s ¼ 100 m (t ¼ 3.615; df ¼ 3; P ¼ 0.036).
Discussion
The results of this study confirm that methyl eugenol is a strong attractant for B. dorsalis, with an average 1/k value of 36 m, the distance at which we estimated $65% instantaneous probability of capture. This means that B. dorsalis at 36 m from a single methyl eugenolbaited trap have a 65% chance of being captured over a short time scale. This value did not vary significantly between IP and PWW, despite very different environmental conditions in the two sites: cool, humid, more vegetated, and lower wind speeds in IP compared with PWW. In contrast, the attraction of C. capitata to trimedlure had a much lower attractiveness estimate in IP (mean 1/k ¼ 14 m) and this value was even lower at PWW (mean 1/k ¼ 7 m). For the stronger methyl eugenol lure, environmental context did not seem to matter, but the same was not true for the weaker lure. Another reason for the observed difference in environmental effect between the species might be the weaker flying ability of C. capitata; we strongly suspect it might have been blown out of the trap grid at PWW. Even at IP, the trap location countour maps show crosswind or downwind capture patterns (Fig. 3) , consistent with a weak flight by C. capitata, though previous studies have shown generally upwind recaptures for this species (Baker et al. 1986 , Villatoro et al. 2014 . These results suggest that differential modeling of high-and low-wind scenarios such as that conducted by Nakamura and Kawasaki (1977) is important, and habitat-specific effects on lure attraction remain potentially important (Ovaskainen 2004 .
Previous studies of lure attractiveness to C. capitata include the recent work of Epsky et al. (2010) , who found a 30-40 m effective sampling range for a proteinbased synthetic attractant lure over 7 d. Using Jackson Traps baited with trimedlure, Enkerlin found a recapture rate over 7 d of 42.0% at 1 m, 22.1% at 5 m, and 9.5% at 25 m from a trap in a clear exponential trend (Enkerlin 1997) . A more directly comparable result is that of Shelly and colleagues Nishimoto 2011) working with B. dorsalis and methyl eugenol in California (sterile males) and Hawaii. They found a recapture rate of >55% at a distance of 25 m, which would seem lower than the estimate from the current work (65% at $36 m). One reason for this discrepancy is that did not test for the proportion of released flies that were responsive to methyl eugenol; in our study, we have found this to range from 28 to 93% (mean ¼ 60%).
The results presented, combined with the trap model described by Manoukis et al. (2014) , will be useful for a variety of management goals such as delimitation of invading populations (Mangel et al. 1984) , and improving trapping by minimizing interference (Wall and Perry 1978) . It can also be incorporated into studies with movement models for increasingly realistic and spatially explicit simulations of insect populations (Bovet and Benhamou 1988 , Comins and Fletcher 1988 , Byers 2001 . It is important to note that the model by Manoukis et al. (2014) does not explicitly consider behavioral responses, wind plumes, and their relationship to capture probability the way more realistic models might (Bossert and Wilson 1963, Epsky and Heath 1998) . It is also important to note that action programs would need to integrate information on male-targeting lures such as the ones studied here with female lures and various trap types [e.g., Broughton and De Lima 2002, Heath et al. 2004) . However, in the context of a grid of traps with a single population contained within it, such as is the case with incipient tephritid invasions in the detection networks of places like Southern California, the simpler approach by Manoukis et al. (2014) is useful because it can be empirically parametrized and analyzed.
A limitation of this study was the use of colony material for the experiments in the field. It is known that there can be differences in the behavior and attractant response of colony reared material (Wong et al. 1982 , Hendrichs et al. 2002 , though there is evidence that distributional patterns can be equivalent (Gavriel et al. 2012) . It is possible that the particularly weak flight evinced by C. capitata in this study was a result of the flies being from colony stock.
For large trapping networks targeting tephritids, the major promise of results, such as those presented in this article, is that they will enable more precise algorithms for determining trap placement and density via geographic information system and risk analysis (Lyons et al. 2002 , Enkerlin et al. 2012 ). This sort of method could be more efficient than a uniform number of traps per unit area (Gilbert et al. 2010) , and also could lead to networks that could be more precisely quantified with respect to detection sensitivity.
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